Measurements of dose equivalent can be con· sidered to fall into three categories.
In the first of these, D y , the distribution of absorbed dose in lineal energy, is measured for a spherical volume of a particular diameter. From this measurement, one may derive DL with an accuracy ()O that is usually sufficient in practical radiation protection. Multiplication of these distributions by Q(y) or Q(L oc ,), respectively, and integration, yields H. This method, which employs low pressure tissueequivalent proportional counters, is of principal utility for neutron measurements. It could also be employed for photons.
When Q = 1 for photons and electrons, H = D and a less complex device, the tissue-equivalent ionization chamber, can be employed with negligible dependence on radiation energy. If an ionization chamber is not exactly tissue equivalent, the required correction factor is often small.
A second approach to the determination of H consists of the measurement of another quantity (e.g., exposure or air kerma for photons) and the application of calculated conversion factors. Since these depend on radiation energy, adequate information on the energy spectrum is required. This method is also commonly ~mployed in calibration. If the adopted value of Q for photons should become different from 1, the conversion factor could be easily altered to accommodate this change.
A third widely employed method does not entail the explicit measurement of another radiation quantity.
In adjusted instruments, a radiation detector is surrounded by absorbing and scattering materials that produce secondary radiations, resulting in a detector reading that is proportional to H over a sufficiently wide range of radiation energy. A typical example of this method is the use of a Geiger counter that is surrounded by a filter of appropriate material and dimensions. At present, the desired response is a counting rate proportional to the absorbed dose rate under the condition of electronic equilibrium. However, in principle, the device can be modified to have a response which accommodates a quality factor that varies somewhat with photon energy.
The reading, M, of an instrument is its indication of the value of the quantity being measured. For a specified type, energy and angular distribution of radiation, response is defined as the quotient of the reading of the instrument and the value of the quantity that it is intended to measure.
Directional Response
The angular response of an instrument is isotropic if its reading is independent of the direction of the incident radiation.
The angular response will be termed isodirectional if the instrument's reading varies with the direction of the incident radiation in accordance with the operational quantity under consideration. This concept is of importance when the value of the dose equivalent varies with the direction of the incident radiation.
Accuracy Requirements
A consideration of the acceptable accuracy of instruments employed in the measurement of dose equivalent must take note of the fact that, except in certain situations (dose equivalent to superficial tissue), the quantity measured differs from the quantity on which regulatory limits are based. As shown in detail in ICRU Report 43 (lCRU, 1988) , area monitors will, in general, provide only an upper limit to the effective dose equivalent that persons in the vicinity of the detector would receive. Personal dosimeters will, at best, only register the dose equivalents received by the regions of the body that are in proximity to these devices. Furthermore, it is a general rule in the approximations employed in radiation protection practice to err on the safe side. Thus, the ambient dose equivalent (see 2.2.2.1) is almost always higher than the effective dose equivalent, even for unidirectional irradiation from the most critical direction, i.e., anterior-posterior (AP).
In many situations, instrumental errors will not make an appreciable contribution to the overall uncertainty in practical radiation protection measurements. The relative importance of such deficiencies will depend on individual circumstances but, in most cases, an overall uncertainty of one standard deviation of 30% should be acceptable.
Since the relation between the incident radiation and the effective dose equivalent involves assumptions with regard to the geometry, overall size and location of organs compared with those actually present in an individual, as well as the (often unknown) distribution of radiation in energy and direction, often a lower uncertainty is not justified. This uncertainty can be compared with the ± 10% uncertainty generally accepted for calibration of radiation protection instruments. The error of instruments may substantially exceed this limit at some radiation energies and for certain angles of incidence, but conform to it when they occur in a radiation field with a broad energy spectrum and broad angular distribu tion.
The ICRP (ICRP, 1982) has provided a statement that is generally consistent with this limit. It requires that the uncertainty in the measurement of the annual value of the corresponding quantities be reduced as far as reasonably achievable, but, if dosimetric quantities are of the order of the relevant annual limits, the uncertainties should not exceed a factor of 1.5 at the 2<T level. Where doses per year amount to less than 10 mSv/a, an uncertainty of a factor of 2 at the 2a level is acceptable.
The uncertainty of instrument calibrations is commonly far less than the above uncertainties. However, the response is frequently determined at only a few energies or for a few radiation energy spectra and often for only a single incident direction. If the response of an instrument is appreciably energy dependent, the response should either be determined for the radiation energies at which it is to be used, or it should be possible to calculate the response at those energies.
Operational Quantities
2.2.1 Terminology 2.2.1.1 Penetration. "Strongly penetrating" and "weakly penetrating" have been defined in ICRU Report 39 (ICRU, 1985) as follows:
If the dose equivalent received by any small area of the sensitive layer of the skin is more than 10 times larger than the effective dose equivalent for a given orientation of the body in a uniform and unidirectional radiation field, the radiation is said to be weakly penetrating. If the dose equivalent received by any small area of the skin is less than 10 times larger than the effective dose equivalent for a given uniform and unidirectional field and orientation of the body, the radiation is said to be strongly penetrating.
Usually, "weakly penetrating" applies to photon radiations of energy below about 15 ke V and to beta radiation. These values may be modified in the future. A simplified definition of these· terms is given in an ICRU Report under preparation as follows: l "For present purposes, radiation is characterized as either weakly or strongly penetrating, depending on whether the dose equivalent, as a fraction of the relevant dose limits, is greater (a) for one of the organs, lens of the eye, or skin, or (b) for the effective dose equivalent." 2.2.1.2 Expanded Field. An expanded radiation field is defined as a hypothetical radiation field in which the fluence, and its angular and energy distributions have the same value throughout the volume of interest as in the actual field at the point of reference.
Expanded and Aligned
Field. An expanded and aligned radiation field is a hypothetical field in which the fluence and its energy distribution are the same as in the expanded field, but the fluence is unidirectional.
Definitions of the Operational Quantities
The ICRU previously defined four operational dose equivalent quantities (ICRU, 1985) , two ofthem, H* and H', for area monitoring, the other two, Hp and H., for individual monitoring. 2 Instead of the two quantities defined for individual monitoring, a simplified concept, called personal dose equivalent, H/d), is introduced that is appropriate for both strongly and weakly penetrating radiation, depending on the value of the depth, d. l 2.2.2.1 Area Monitoring.
The quantities recommended for area monitoring refer to a phantom termed the ICRU sphere. The ICRU sphere (ICRU, 1980 ) is a 30 cm diameter, tissue-equivalent sphere with a density of 1 g cm-3 and a mass composition of 76.2% oxygen, 11.1% carbon, 10.1% hydrogen and 2.6% nitrogen. This change is adopted from a draft report of the ICRU Committee on Fundamental Quantities and Units (Allisy et al., 1991) . 2 Area monitoring: a measurement associated with a given location in a radiation field.
Individual monitoring: a measurement associated with a given individual.
Ambient Dose Equivalent.
The ambient dose equivalent, H*(d), at a point in a radiation field, is the dose equivalent that would be produced by the corresponding expanded and aligned field in the ICRU sphere at a depth, d, on the radius opposing the direction of the aligned field.
Unit: J kg-1
The special name for the unit of ambient dose equivalent is sievert (Sv).
Notes:
(a) Any statement of ambient dose equivalent should include a specification of the reference depth, d. In order to simplifY notation, d should be expressed in mm.
(b)
A quantity analogous to ambient dose equivalent can be defined in terms of absorbed dose. It is called ambient absorbed dose.
For strongly penetrating radiation, a depth of 10 mm is frequently employed. The ambient dose equivalent for that depth is then denoted by H*(10). For weakly penetrating radiation, a depth of 0.07 mm for the skin and 3 mm for the eye are employed with analogous notation.
Measurement of H*(d) requires that the radiation field be uniform over the dimensions of the instrument and that the instrument have an isotropic response.
Directional Dose Equivalent. The directional dose equivalent, H' (d,O) , at a point in a radiation field, is the dose equivalent that would be produced by the corresponding expanded field in the ICRU sphere at a depth, d, on a radius in a specified direction, fl.
Unit: J kg-1
The special name for the unit of directional dose equivalent is sievert (Sv).
Notes:
(a) Any statement of directional dose equivalent should include a specification of the reference depth, d, and the direction fl. In order to simplify notation, d should be expressed in mm.
(b)
A quantity analogous to directional dose equivalent can be defined in terms of absorbed dose. It is called directional absorbed dose.
For weakly penetrating radiation, a depth of 0.07 mm for the skin and 3 mm for the eye are employed. The directional dose equivalent for these depths is then denoted by H' (O.07,0 ) and H'(3,0). For 2.2 Operational Quantities ••• 5 strongly penetrating radiation, a depth of 10 mm is frequently employed, with analogous notation.
Measurement of H' (d,O) requires that the radiation field be uniform over the dimensions of the instrument, and that the instrument have the required directional response.
The specification of the direction fl requires the choice of a reference system of coordinates, in which the direction fl is expressed (e.g., polar and azimuthal angles). This reference system can often be related to the radiation field.
In the particular case of a unidirectional field, the direction can be specified in terms of the angle, ex, between the radius opposing the incident field and the specified radius (see Figure 2 .1). When ex = 0, the quantity H'(d,O) may be written H' (d) and is equal to H*(d).
For weakly penetrating radiation, an instrument which determines the dose equivalent at the appropriate depth in a plane slab oftissue-equivalent material will adequately determine H'(0.07,0) and also H'(3,0) if the slab surface is perpendicular to fl. and Hp(d) .
Phantom or body
Definition of the angle a: for H'(d,a:) 2.2.2.2 Individual Monitoring. Personal Dose Equivalent.
The personal dose equivalent , Hp(d) , is the dose equivalent in soft tissue below a specified point on the body at an appropriate depth, d.
Unit: J kg-1
The special name for the unit of personal dose equivalent is sievert (Sv).
Notes:
(a) Any statement of personal dose equivalent should include a specification of the reference depth, d. In order to simplify notation, d should be expressed in mm. (b) A quantity analogous to personal dose equivalent can be defined in terms of absorbed dose. It is called personal absorbed dose.
For weakly penetrating radiation, a depth of 0.07 mm for the skin and 3 mm for the eye are employed. The personal dose equivalent for those depths is then denoted by H p (0.07) and H p (3), respectively. For strongly penetrating radiation, a depth of 10 mm is frequently employed, with analogous notation. Hp(d) can be measured with a detector which is worn at the surface of the body and covered with an appropriate thickness of tissue-equivalent material.
The calibration of the dosimeter is generally performed under simplified conditions on an appropriate phantom.
